Abstract. This study was undertaken to determine the topographical organization of fibers coursing through the human corpus callosum. We correlated the distribution of Wallerian degeneration in the corpus callosum with the anatomical sites of focal cortical lesions due to ischemic infarctions or circumscribed contusions. Fibers from the inferior frontal and anterior inferior parietal regions course through the rostrum and genu of the corpus callosum. Callosal connections from the temporo-parietooccipital junctional region course through the splenium and caudal portion of the body of the corpus callosum. Both the superior parietal lobule and the occipital cortex give rise to interhemispheric fibers that course exclusively through the splenium of the corpus callosum. No callosal degeneration was associated with a cortical lesion in the anterior superior frontal region. The topographical organization of fibers in the human corpus callosum appears to be fairly similar to that found in the rhesus monkey (Macaca rnulatta).
INTRODUCTION
Our study was undertaken to determine the topographical organization of fibers coursing through the human corpus callosum (cc) by correlating the distribution of Wallerian degeneration in the cc with the anatomical sites of focal cortical lesions due to ischemic infarctions or circumscribed contusions. Although several previous studies have delineated the topography of the cc in the rhesus monkey (1, 2), no systematic work has been done specifically on the topographical organization of the human cc. The book by van Buren and Borke (3) on corticothalamic connections in human brain includes some anatomic information on corticocallosal organization but this is only incidental to their work. A human callosal topography should be available since partial commissurotomies are being performed to control intractable epilepsy and there is increasing clinical evidence that commissural pathways serve as alternate neural routes and hence contribute to functional recovery when dominant pathways are compromised by a lesion (4) (5) (6) (7) . In addition to its clinical pertinence, our study is also relevant because of the current abiding interest in the neuropsychological studies of the lateralization of cerebral function and recent finding that the corpus callosum may be sexually dimorphic (8) .
METHODS
Thirteen brains with unilateral focal lesions and one brain with two asymmetric lesions in separate hemispheres, were obtained from autopsies performed at the Dallas Medical Examiners Office and the Veterans Administration and Parkland Memorial Hospitals. They were Fig. 1 . A. A coronal 5-mm section from case ME-1814-78 stained with the modified trichrome procedure. The lesion, which only involved white matter at this level, is dark gray. The demarcated block of tissue was processed for analysis . B. Enlarged photomicrograph of a l3-~m section from the demarcated block of tissue shown in A and stained with H&E. Asterisk is in an area of heavy demyelination. Arrows point to strips ofpreserved white matter. Note the correspondence between the lesions shown in A and B.
selected from approximately 600 brains over a two-year period in order to find brains with focal lesions. Although all selected brains appeared visually and by palpation to have small , focal cortical lesions, after processing the brains we discovered that many of them had more extensive damage than expected, chiefly subcortical in location. Survival time following the lesions was at least one year as determined by the case histories and pathological analysis except for one patient whose focal cerebral lesion had occurred only six months antemortem.
The brains were fixed in 10% formalin for a minimum of three weeks, photographed and sectioned mid-sagittally. A 3-mm sagittal section of the corpus callosum was removed for subsequent histological processing (see below) and the presumably intact hemispheres (N = 14) were sectioned coronally and carefully examined for unsuspected lesions.
Hemispheric Lesions
In order to ensure accurate and even sections, the hemispheres with lesions were embedded in gelatin according to the following procedure. The hemisphere was first immersed in a warm 20% gelatin solution and placed in a pneumatic chamber under negative pressure for ten minutes (min) to evacuate any gas residing in solution. Positive pressure (35-40 psi) was then applied for 40 min to allow the gelatin to envelop the brain fully. Overnight refrigeration solidified the gelatin around the brain to form a block which was further hardened by immersion in 10% formalin for at least 24 hours (9) . The excess gelatin was subsequently trimmed and the embedded brain was serially sliced into 3-or 5-mm sections on a rotary blade slicer (Hobart model 1612).
The brain sections were stained with a modified trichrome procedure that predominantly stains brain tissue with lesions (de Lacoste et al, unpublished data). Briefly, this staining procedure involved the sequential immersion ofeach section in three solutions (A, B, and C), with rinses in distilled water before and after immersion in each of the solutions. Sections were left 45 min in solution A and three min in solutions Band C. Solution A consisted of 4 g of Orange G, 5 g of Fast Green, and I g of Acid Fuchsin dissolved in 4,000 ml of distilled water. Solution B consisted of 10% ammonium hydroxide; and solution C 10% acetic acid. With optimal staining, white matter and gray matter with lesions appear green or blue-green while the normal gray matter appears slate gray, and normal white matter remains pearly white . Any poorly or irregularly stained sections were bleached out by immersion in 25% ammonium hydroxide and restained. To verify the accuracy ofour staining procedure, selected blocks of tissue with lesions were embedded in paraffin, cut at 13 micrometers (urn) and stained with standard histological techn iques, e.g, Loyez, luxol fast blue and hematoxylin and eosin (H&E) (Fig. I) .
All stained sections, with or without lesions, were immediately photographed in an anterior to posterior sequence with the anterior side of the section facing the camera shutter. The camera was kept at a constant height to preserve proportions. A millimeter ruler and case identification number were also photographed with all of the sections. The 35-mm slides were projected from behind onto a lenticular opaque screen. Sections with lesions were traced ind ividually on mylar paper and the lesions were demarcated. The tracings were then used for reconstruction of the lesion on a template of the appropriate hemisphere (Fig. 2 , case A-223-77, for an illustration). In constructing the templates we demarcated gray and white matter damage separately (in Fig. 2 , dark areas represent gray matter with lesions while white matter damage is indicated with hatching). However, when correlating the "cortical" site of the lesion with callosal degeneration we took into account both the gray and white matter aspects ofthe lesion . For example, the " cortical" site ofthe lesion was extended to incorporate normal cortex undercut by white matter destruction (Fig. 2) .
Degeneration in the Corpus Callosum
The intact 3-mm thick sagittal blocks of the corpora callosa removed from the normal hemisphere were embedded in paraffin, sectioned sagittally at 13~m, mounted on large glass slides and stained with Loyez (myelin) , Holzer (glial) and H&E (general purpose). Two normal corpora callosa were processed in the same fashion to serve as controls.
Callosal slides were first examined on a light box; zones characterized by lighter staining were identified as potential sites of degeneration. The presence ofWallerian degeneration was then confirmed under a standard microscope at both low and high magnifications on the basis of the following criteria: (a) myelin pallor or "mottled" myelin ; (b) absence of tissue or loss of fibers; and (c) presence of phagocytes.
The site of degeneration was deemed an important criterion for the correct identification of anterograde and lesion-related degeneration in the corpus callosum as there were two phenomena confounding the data: (a) superficial lesions on the dorsal surface of the rostrum ofthe callosum resulting from tortuous anterior cerebral arteries pressing against the callosum; and (b) lesions on the dorsal surface of the splenium caused by pressure from the overlying falx cerebri (see discussion).
Following the analysis of the patterns of degeneration, one of the slides from each callosum was back-projected onto a glass table and traced. Zones of degeneration were marked on this outline and labelled as "partial" or "very dense." Since there was some morphological variability among the callosa and the boundaries between, for example, the body and the splenium are indistinct, each corpus callosum was arbitrarily divided into five parts on the basis of an " anterior to posterior" (AP) distance. This AP distance was measured on a curve from the tip of the rostrum to the tip of the splenium. Part I, which was made larger than the other parts to accommodate the rostrum as well as the entire genu of the corpus callosum, included 25% of the AP distance. Each of the remaining four parts subtended 18.75% of the total AP distance.
RESULTS
We first attempted to analyze our data on the basis ofstandard anatomical regions, but soon realized that infarcts and contusions do not respect traditional anatomical landmarks. To overcome this problem we defined our anatomical regions on the basis of the actual boundaries of our most focal lesions. Seven areas were created and these are displayed in Figure 3 on a lateral and a medial template of the brain. Five of the regions (regions 1,2,4,5,6) are represented with stippling while regions 3 and 7 are demarcated with hatching. Stippled regions had at least one case with a lesion entirely confined to that area. Cases with lesions restricted to one anatomical region, were called "A-cases." All of the A-cases in this study are presented in Figure  4 . Cases with lesions predominantly in one division but encroaching on another division were called B-cases. Two of the anatomical zones, regions 3 and 7 (hatched in Fig. 3 ), could only be defined with B-cases. Results for these regions are, therefore, considered only tentative. Our third group of cases, the C-cases, included cases with lesions encroaching on three or more anatomical regions. These cases were used exclusively for supplementary information. Figures 5-11 and Tables 1-7 summarize our results. Region I-inferior frontal and anterior inferior parietal-two A-cases, both with degeneration restricted to part I of the corpus callosum also called the "genu" and "rostrum." All of the B-cases and C-cases for this region had degeneration in part I, hence confirming the results obtained with the A-cases. Region 2-anterior superior frontal-one A-case which had no callosal degeneration. Our hypothesis is that this region could be "acallosal" (see discussion). Region 3-posterior superior frontal-no A-cases. However, there was one B-case, with degeneration in parts II and III. As indicated in Figure 7 , which has parts II and III stippled instead of solid, we consider these results tentative. Region 4-temporo-parieto-occipital junction-two A-cases with degeneration in part V of the corpus callosum. However, one A-case also had degeneration in part IV. There were no B-cases for this region but all of the C-cases manifested degen- eration in parts IV and V. In view of the discrepancy between the two A-cases concerning callosal region IV, part V Figure 8 is filled in, indicating definite degeneration, while part IV is stippled to represent tentative degeneration. Region 5-superior parietal region-one A-case with degeneration in part V and one C-case also with degeneration in part V. Similarly, callosal degeneration was restricted to part V for region 6, the occipital lobe region. Region 7 or the mid-temporal region was another zone lacking A-cases. The one B-case for this region exhibited degeneration in parts II and III. However, only one of the three C-cases for this region had callosal degeneration in both parts II and III. The other two C-cases had callosal degeneration in either part II or part III (Table 7) . Hence, we consider our results for region 7 to be tentative.
Although our results are concerned primarily with the anterior to posterior dis- tribution of corticocallosal connections, we investigated, in the available cases, the topographical organization ofthe corpus callosum along its dorso-ventral dimension. A comparison of cases with lesions encroaching on both medial and lateral aspects of the hemisphere and those involving exclusively lateral areas, suggests that the fibers from the lateral aspect of the telencephalon course dorsally through the corpus callosum while those originating medially traverse through ventral zones. However, this finding merits further investigation.
DISCUSSION
Human brain research involving "experiments of nature," inevitably presents some difficulties. Obviously, the researcher can neither place the lesions where he would like them to be nor can he control their size. The first problem was dealt with by defining anatomical regions on the basis of the natural boundaries of the focal lesions (A-cases), rather than using an a priori set of cortical regions. The second problem-the size of the lesion-was eliminated by selecting the material from over 600 potential cases. However, after sectioning and staining the brains it was realized that a number of cases with apparently small lesions had extensive white matter damage. As can be seen on the Figure 3 template, the net result was that some cortical areas are not covered topographically.
A methodological difficulty, specific to this study, pertained to callosal damage unrelated to the cerebral infarct or contusion. For example, some corpora callosa had small lesions on the superficial surface of the rostrum, body, or splenium. The splenial lesions were attributed to pressure from the overlying falx cerebri. Previous studies have documented that in older individuals, with hydrocephalus ex vacuo, the free edge of the falx cerebri is frequently compressed against the dorsal surface of the splenium (10, 11) . Superficial lesions on the body and rostrum of the corpus callosum were ascribed to the anterior cerebral artery which can be compressed against, and sometimes even impressed into portions of the callosum, often as a result of atherosclerotic disease (11) . These lesions as well as local callosal infarcts were readily distinguishable from the Wallerian degeneration associated with the cerebral insult, mainly on the basis of the density of degeneration. Degeneration from the local callosal infarcts or chronic conditions was far more extensive and resulted in a complete loss of myelin and almost total loss ofaxons (11) . In addition, the chronic superficial lesions were always located on the surface of the corpus callosum. Of course, we could not preclude the possibility of some overlapping damage.
Notwithstanding these limitations, human brain anatomical research has strong merits. Two existing callosal topographies (1, 2) are based on material from the rhesus monkey. Sulcal and gyral configurations ofrhesus brain are strikingly different from the human brain. Furthermore, frontal and parieto-occipital association cortices; believed by some to be the hallmark of human brain evolution, are poorly developed in the rhesus monkey. Since the bulk of callosal fibers probably interconnect association cortices (12) (13) (14) (15) (16) , it is important to have a human-based topography.
Since the regions and techniques used in this study are not strictly analogous to those used in the elucidation of either of the two published callosal topographies in the rhesus monkey (I, 2), comparisons between the rhesus and human brain material are limited. The most recent topography of the rhesus callosum (l) involves a study ofthe regional cortical distribution ofanterograde degeneration after selective callosal ablations so that the authors investigated the regional termination of fibers coursing through the corpus callosum. In contrast, we studied retrograde degeneration in the corpus callosum following cortical lesions which interrupted callosal fibers within their hemisphere oforigin. Although a large number ofinterhemispheric connections are homotopic some are heterotopic (17) (18) (19) (20) . Therefore, we thought it unwise to compare a topography based on the cortical origin of the callosal fibers with one based on the contralateral cortical termination of these same fibers.
The earlier topography of the rhesus corpus callosum (2) is based on retrograde degeneration in the corpus callosum subsequent to five different cortical ablations. In that study, it appeared that, in the rhesus, fibers from prefrontal cortex course more caudally through the corpus callosum than in the human. Our results indicate that fibers from the inferior frontal and anterior inferior parietal region (which encompasses a portion of prefrontal cortex), traverse through the entire extent of part I of the corpus callosum, including the rostrum. Sunderland (2) mapped prefrontal fibers in the genu and anterior third of the body. Perhaps, some prefrontal fibers have been displaced rostrally in the course of evolution to accommodate the large increase in the number of interhemispheric fibers that must have accompanied the tremendous expansion of frontal association cortex. Alternatively, the discrepancy may simply be a function of methodological limitations in either one of the studies, or of the fact that the regions in the two studies are not homologous.
In their work on thalamic connections in the human brain, Van Buren and Borke (3) also include, for some of their cases, data on callosal retrograde degeneration subsequent to cerebral insults. We studied their 23 published cases in which callosal degeneration was mentioned and mapped the topography of the degeneration. Of the 16 cases with relatively circumscribed lesions, nine were prefrontal lobotomies, five had parietal and occipital lesions, and two had lesions in portions ofthe temporal cortex and adjoining areas. There are no discrepancies between our findings and theirs. However, the present study is more comprehensive since it includes more TABLE 6 Occipital Lobe Region (6) Corpus callosum degeneration Case identification L-A-98 -78 cortical regions and was specifically designed to investigate topographical organization within the corpus callosum.
One of our interesting findings is that dorsal superior frontal cortex (region 2) appears to be "acallosal." Of course, it may be that this region is interconnected with unmyelinated fibers and hence only appeared "acallosal" as our staining procedures were mainly for myelinated axons. According to an ultrastructual study in the rhesus monkey, at least 31% ofthe fibers in the corpus callosum are unmyelinated (21) . Although our observation needs confirmation, in another published study this same cortical region was found to be "athalamic" in human brains (22) . These data suggest that dorsal superior frontal cortex may be a unique cortical area, perhaps with some special higher integrative functions. 
